The purpose of this study is to introduce an innovative approach to offshore engineering so as to take variations in sea temperature and salinity into account in the calculation of hydrodynamic forces. With this in mind, a thorough critical analysis of the influence of sea temperature and salinity on hydrodynamic forces on piles like those used nowadays in offshore wind farms will be carried out. This influence on hydrodynamic forces occurs through a change in water density and viscosity due to temperature and salinity variation. Therefore, the aim here is to observe whether models currently used to estimate wave forces on piles are valid for different ranges of sea temperature and salinity apart from observing the limit when diffraction or nonlinear effects arise combining both effects with the magnitude of the pile diameter. Hence, specific software has been developed to simulate equations in fluid mechanics taking into account nonlinear and diffraction effects. This software enables wave produced forces on a cylinder supported on the sea bed to be calculated. The study includes observations on the calculation model's sensitivity as to a variation in the cylinder's diameter, on the one hand and, on the other, as to temperature and salinity variation. This software will enable an iterative calculation to be made for finding out the shape the pressure wave caused when a wave passes over will have for different pile diameters and water with different temperature and salinity.
Introduction
Nowadays, most standards applied in the world in the field of offshore wind farm design, have the Morison formula as a central pillar of the calculation method for predicting hydrodynamic forces on a vertical circular cylinder, using Airy's theory to assess the field of speeds and accelerations of sea waves. On the other hand, for large diameter piles, the equation proposed by MacCamy & Fuchs is the basis for the calculation to take diffraction effects into account. This second equation also uses the linear theory to obtain the flow of speed and acceleration. In this research, special software has been developed to take all the different wave theories into account: Stokes, Cnoidal and Stream Function; to suitably characterize the field of fluid speed and accelerations whatever may be the height, period and depth of sea waves. In addition, this * Corresponding author.
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software allows the nonlinear and diffraction effects to be calculated for all cases: separate flow, inertial and diffraction range; and takes into account the wave-structure interaction.
The limit between the uses of each of the theories is an important issue which must be defined taking into account the temperature and salinity effect, not only the ratio between wave-length, pile diameter and the Keulegan-Carpenter number. According to available measures, extreme data regarding sea temperatures may be found in the Arctic and Southern Ocean, with sea temperatures of 1 °C; and in the Persian Gulf or Gulf of Mexico, with temperatures reaching 35 °C. Regarding sea salinity, the variation is less profound except near the coastal region. River run-off introduces enough fresh water in circulation near the coast producing variable horizontal as well as vertical salinity. In the open sea, values range from 3.4 to 3.7% and reach values of 35% in some bodies of water, such as the Red Sea.
In this research, the scope of works encompasses, in first place, the assessment of the range of use of each of the theories taking into account variations in salinity and sea temperature. Secondly, a sensibility analysis is undertaken in order to assess whether the influence of temperature and salinity is greater for large or small pile diameters. Finally, an estimation of the percentages of diffraction and nonlinear effects caused by changes in salinity and temperature is included.
State of the art
Wind energy has begun to play an increasingly relevant role in society over the last few decades. As the development of renewable energies increased, the main concern of researchers has been to find new sources for obtaining energy and new processes enabling cleaner, less expensive and, therefore, more efficient energy to be created. With this in mind, the use of offshore wind farms has been one of the major achievements of modern science for achieving this aim as suggested by Esteban et al. [1] . The main difficulty these structures display from the construction standpoint lies in the correct estimation of hydrodynamic loads the structure will have to withstand. It could be said that calculating hydrodynamic forces in offshore structures is one of the major, key issues for design engineers participating in maritime engineering as suggested by Negro et al. [2] . In addition, they will be very important for the study of the influence of each of the forces on a possible scouring at the pile's base as suggested by Matutano et al. [3] .
Calculating hydrodynamic forces is a very difficult task since environmental conditioning factors are highly complex and there are interaction phenomena between structure and incident waves. Nevertheless, even though wave action is stochastic in nature, studying wave action as if it behaved in a regular fashion and estimating the hydrodynamic forces it will generate on the structure and its resulting movements are of the utmost interest to the engineer. This method is known as the approach from the design wave. This type of analysis is completely determinist and rests on three fundamental variables, the wave height, its period and the depth. There is another approach which, by using the probabilistic theory, works with the wave energy's spectrum. Statistic design parameters, extreme forces and major dynamic responses may be predicted by using this approach.
Different calculation methods are used in predicting hydrodynamic forces and resulting responses, depending on the type and size of a structure's members in the high seas in comparison with the wave length [4] [5] [6] [7] .
Existing methods for finding hydrodynamic forces in offshore structures are mainly based on the following techniques: the use of the Morison equation or techniques using the potential of speeds for sources and sumps in two-dimensional or three-dimensional flow. The three-dimensional method is generally used from amongst these methods for structures comprising large structural elements. If a structure is made up of small elements, the Morison equation or the two-dimensional method of source-sump distribution will be required.
Morison et al. [8] suggested that the two flow regimes generated by inertia forces and drag forces may be superimposed to obtain the total load varying in time per unit of length of a cylinder immobile in a plane flow field with an arbitrary free flow speed. The wave force on circular piles, within the diffraction range, was first calculated by MacCamy and Fuchs [9] , who proposed that there was an exact mathematical solution presented by wave action according to the linear wave theory. Chakrabarti [10] obtained the hydrodynamic forces caused by nonlinear waves on a vertical cylinder, including the use of the diffraction theory by means of a compact equation and then compared the equation proposed with experimental results. Chakrabarti et al. [11] proposed a general equation for the wave force equation applicable to a randomly oriented submerged or semi-submerged cylinder. Then expressions were also proposed for wave pressures and forces on several different sized vertical cylinders with different distances between them. Hydrodynamic forces due to the interaction of the different linear waves propagating with arbitrary directions were found. Lighthill [12] made a methodological analysis describing the basic physical phenomena together with the applicable methods used for estimating hydrodynamic forces. His main contribution to the calculation of wave force by using the Morison equation lies in the proposal of a second order correction thereto. Turbulent forces induced (separate flow) in wave action subjected cylinders and some methods for predicting such forces are discussed by Graham [13] .
Wave forces acting on a cylinder emerging in a regular wave field were measured and compared with those of the calculations based on the Morison equation [14] . Cook and Simiu [15] also worked on hydrodynamic forces on vertical cylinders applying Lighthill's correction with the aim of including nonlinear effects in the calculation. The 17th ITFC Ocean Engineering Committee undertook to compare the methods in order to calculate the movement of a semisubmergible body. They concluded with a summary of the final project results in which 34 computer programs from 28 different organizations were later described by Takagi et al. [16] .
Faltinsen [17] made a detailed analysis of wave induced linear movements and second order loads as well as nonlinear problems and viscous loads. This study concluded that the Morison equation and methods based on the theory of potential are favorably similar to each other and to field or laboratory made experimental measurements.
As computing power increased by the development of hardware and software engineering, new, more sophisticated methods have been introduced in recent years to calculate the wave-structure interaction problem. Koutandos [18] presented a numerical study on wave interaction with rigid vertical barriers and computed the velocities and turbulence kinetic energy in the vicinity of the structure. Isaacson et al. [19] and Zhu [20] investigated wave interaction with a row of piles using the full wave theory. Zheng and Zhang [21] present an analytical model to predict the three-dimensional wave diffraction of a floating cylinder located in front of a vertical wall at a finite water depth. Feng et al. [22] , provide a solution for a two-dimensional nonlinear wave-structure interaction problem by a desingularized integral method in combination with a mixed Euler-Lagrange method. Cao and Beck [23] , present the derivations of different forms of integral desingularized boundary equations and discuss their fundamental aspects and advantages for studying water wave dynamics and body motion dynamics. Meng and Zhang [24] develop a third-order KdV solution for internal solitary waves by means of a new method based on weakly nonlinear assumptions in a rigidlid two-layer system. Das [25] provides the solution to wave scattering by a horizontal circular cylinder in a three-layer fluid.
According to the current state of the art in this field, this research can be seen to represents the first investigation focused on the influence of temperature and salinity on hydrodynamic forces.
Method
The different forces acting must be broken down in order to study the wave regime affecting a fixed cylindrical body in a water domain. To do this, the forces waves exert on such a body may be classed into:
a. Drag forces (also called the viscous type).
a.1 "Form drag"F p associated with normal tensions. a.2 "Friction drag"F f associated with surface friction. b. Forces of inertia.
According to the undulatory theory, these forces originate from the speed potential, φ:
When the structure's diameter is much smaller than the wave length, D << L , incident waves are not significantly modified by the presence of the body (where D is the cylinder's diameter and L the wave length); the diffraction component, ϕ D can therefore be ignored. The force due to continuous current flow acting on a cylinder is:
where, F D is the force per unit of length of the cylinder, ρ the fluid's density and C D the coefficient of drag. The speed squared is written in the form u • | u | to ensure that the direction of the drag force is the same as the speed's flow. However, wave action is an oscillatory current and, in this case, there will be two additional terms contributing to the whole of the force.
where m' ·a , is called the "force of the additional mass mobilized" (hydrodynamic-mass force), m ' is the additional mass mobilized or hydrodynamic mass, ρ · V · a, is called the "Froude-Krylov force", and V is the cylinder's volume which, if we take a unit of length of the cylinder, is reduced to A , the cross section area. The additional mass mobilized is defined as the mass of fluid around the body which is accelerated with the body's movement due to the action of pressure. There are two effects when the body remains immobile and the water moves with an acceleration a . First, the water surrounding the body will accelerate as described. The force of the hydrodynamic mass will therefore be present. The second effect will be the fluid's accelerated movement in the external region of the flow generating a pressure gradient according to:
where u is the speed of the fluid far from the cylinder. This pressure gradient will produce an additional force on the cylinder, which we call the Froude-Krylov force. This force may be calculated by the following integration:
where S , is the body's surface area. From the OstrogadskiGauss theorem, we have:
If we bear in mind that the pressure gradient is constant, the force per unit of length, F p , for a cylinder with a cross section area, A , is:
The total force, F , is given by the foregoing expressions bearing in mind the force of the hydrodynamic mass and the Froude-Krylov force:
Knowing that C M = C m + 1, the classic expression of Morison, Johnson, Schaaf & O'Brien is given by:
where:
• D : pile diameter • A : cross section area of the vertical cylinder • C M : coefficient of inertia due to the hydrodynamic mass
Morison proposed that inertial forces should be superimposed on drag forces in order to calculate the hydrodynamic forces on the cylinder.
The coefficients C M and C D are found empirically and basically depend on the Reynolds number, R E , the KeuleganCarpenter number and the cylinder's surface roughness. A multitude of studies has been carried out by many authors in order to establish C M . The criterion proposed by the Shore Protection Manual for establishing the coefficient C M will be used as from the different studies shown in the foregoing table. In addition, the criterion used by the Shore Protection Manual is also taken into account to find the coefficient C D , as from the studies of Achenbach (1968). 
The Reynolds number is calculated as:
Variations in the sea temperature and salinity will change viscosity, ν, and water density, ρ. Hence, they will influence the total force generated because of the variation in density and, therefore will also influence the percentage of each type of force because they influence the Reynolds number, so affecting the C M and C D coefficients. Water viscosity and density are obtained in the calculation by relations established by Chakrabarti [26] from values of water temperature and salinity.
On the other hand, the diffraction equations are included in the problem statement, by taking into account the cylindrical coordinates:
If the Sommerfeld condition is shown as a complex expression:
With D/2 = b , the velocity potential can be obtained in terms of the first type of the Bessel function J n and Hankel functions of the first type H n :
The velocity potential can be expressed as:
From the above expression, the Froude-Krylov force exerted by the waves on the cylinder is obtained by the following expression:
Calculation model
The methodology developed to suitably solve the problem must follow the following scheme ( Figs. 1 and 2 ) .
In the first place, the software takes the environmental conditions: wave period ( T ) and height ( H ), and sea depth ( d ); as first order variables which define the wave mechanics to handle in the calculation as the basis of the whole assessment. Moreover, this section takes the influence of temperature ( Ta ) and salinity ( S ) on the water density ( ρ) into account as a second order effect. In this step of the calculation, the range of the problem (deep water, intermediate depth and shallow water) has to be identified and the equations which define the water wave motion solved (Euler equations of motion and continuity equation).
To solve the system, the software will use the pertinent wave theory (such as Airy, Stokes, Cnoidal or Stream Function) according to the classification of Le Méhauté shown in Fig. 3 .
In second place, the software assesses the hydrodynamic loads on the basis of flow speeds ( v ) and accelerations ( a ) obtained in the last step. This problem has the diameter of the pile ( D ) as a first order variable, In conjunction with wave mechanics the pile diameter defines the range (separate flow, inertial or diffraction) in which the problem must be solved. Sea temperature and salinity are included again because they play a key role in this part because of their influence on water viscosity and hence on drag forces. The assessment of hydrodynamic loads will provide the solution for one of the ranges: separate flow, inertial and diffraction; taking into account nonlinear effects, as appropriate. The range is identified by three parameters: Keulegan-Carpenter number, ratio H / L and ratio D / L :
The separate flow range is solved by means of Morison's equation. Furthermore, nonlinear effects of the second order terms of the wave motion will be introduced analytically in accordance with the corrections provided by Lighthill (as F 3 , F 4 and F 5 ) for the cases in which the problem is located in the separate nonlinear flow range:
The inertial range uses the same equation, shown above for the separate flow range, but removes the term F 2 corresponding to drag force ( Table.1 ). On the other hand, when Table 1 Range classification. the assumption that the kinematics of the undisturbed flow in the region near the structure do not change in the incident wave direction is not fulfilled, the diffraction theory has to be used. The theory provided by MacCamy and Fuchs is used as a basis ( F 1 ) but adding additional terms to include nonlinear effects in the calculation ( F 2 ), using the perturbation parameter ( ε).
Finally, the third step takes the sea wave loads obtained and assesses their effect on the foundation and on the movements of the structure along the vertical axis. Finally, the structure movements and the loads generated by them feed the second section again and allow the calculation to be iteratively made again until a final solution is achieved. The structural response analysis is performed in the field of elastic deformation. The vertical circular cylinder is assumed to be a cantilever beam fixed in the sea bed. The calculations must apply a dynamic assessment in the frequency domain, which takes the inertial effects into account. The differential equation which defines the behavior of the cantilever beam is:
where, EI is the beam stiffness and m the beam mass. The above equation is best solved by separating variables. If it is assumed that the displacement can be separated into two parts, one depends on position and the other on time, which are both independent of each other, so that the equation can now be written as two differential equations:
where ω n represents the natural frequencies of the beam, and k n is as follows:
The solution of the system is given by:
A n depends on the initial position at time t = 0, B n depends on the initial velocity, and both of them must be determined with the boundary conditions.
Then, the load F ( z , t ) is introduced into the differential equations as a boundary condition to obtain A n ,i + 1 and B n ,i + 1 , for the next time step. For each time step, the speed and acceleration of the following time step can be obtained by the following equation
• F ( z , t = t i + 1 ): hydrodynamic forces in ti + 1.
• R ( z , t = t i ): structural response in ti.
• ρ est : density of structural element.
• A : area of structural element.
The function Z n and the modes of vibration k n are determined by the following equations:
Using this kind of analysis, the speed and acceleration of each point of the structure can be obtained as a response of the hydrodynamic loads to each time step. These speeds and accelerations can be subtracted from the initial v ( z, t ) and a ( z, t ), and the process repeated until its convergence for each fraction of time. The final result is a full record of the movements of the structure along the whole length originated by sea waves. Finally, the bending moment on the foundation can be easily obtained from these structural movements. 
Results
Seven cases were defined for undertaking the study and only the cylinder's diameter, the sea's temperature and salinity varies in them whilst waves are taken to be regular. Case 1 will address a diameter of 0.5 m, case 2, a diameter of 2 m, case 3, a diameter of 4 m, case 4, a diameter of 8 m, case 5, a diameter of 16 m, case 6, a diameter of 20 m, and case 7, a diameter of 26 m. All these diameters have been chosen according to the standard types of offshore wind farms, from the first models with 0.5 m to those used nowadays as in: Scarweather Sands (United Kingdom) with 2.2 m, Princess Amalia (Netherlands) with 4.0 m and, Nysted (Denmark) or Thornton Bank (Belgium) with diameters from 6.5 m up to 17 m; the values of 20 and 26 m have been included to take into account the future piles due to the fact that, maybe in the next few years, pile diameters will keep increasing to support a heavier and more powerful wind turbine in keeping with the requirements of the offshore industry ( Figs. 4 -Fig. 12 ).
The flow of speeds and accelerations has been calculated for them all, taking into account the possible diffraction and nonlinear effects for two sub-cases. Case A will have a sea temperature of 1 °C and 0% salinity, and case B will be performed with a sea temperature of 22 °C and salinity of 35%. The common details for regular sea waves to be entered in all the study cases have been obtained from those used in the design of Princess Amalia (Netherlands):
• Wave height: 7.5 m.
• Depth: 20.0 m.
• Period: 10 s.
According to this data, the wave theory will be Stokes' 3rd order in transition depth.
The field of accelerations and speeds for the case of height 7.5 m, depth 20.0 m and period 10 s, calculated by the software developed is shown below:
According to those values, the force for the case of a sea temperature of 1 °C and 0% salinity and for the case of a sea temperature of 22 °C and salinity of 35% will calculated, as, respectively, F 1 and F 2 . The following figures show the percentages of | F i 1 -F i 2 |/ F t 2 , where F i 1 and F i 2 are the different components of the total force: inertial forces, drag forces, diffraction forces and nonlinear forces; and F t 2 , the total forces obtained in the second case. All this is for the different time steps throughout the whole time period of 10 s, for the sea surface and for the bottom.
According to the values shown above, the maximum variations for all cases are summarized below:
The variation suffered by the drag forces can initially be seen to drastically reduce on the pile diameter increasing whilst the variation of inertial force is increasing enormously and becomes the predominant variation. The influence of temperature and salinity is shown to be clearly higher on the bottom than on the free surface for the cases with diameters: 0. The reason for this is that the inertial force is discontinuous for the largest diameters. This manifests as a leap or step in the wave crest. This leap gradually disappears as the diameter increases and is caused by a change in the coefficients C D and C M . As explained earlier, these coefficients vary with the Reynolds number and as the dynamic viscosity and diameter remain constant during the calculation of one case, the leap is indicating that at that point, speed is varying enough for the Reynolds number to become less than 2.5 ×10 5 , making C M 2.0.
There is a different reason for the 0.5 m diameter as drag forces which generate a large variation if the load profile for changes in temperature and salinity are heavily influential.
The diameters of 2.0 m and 4.0 m are cases in the transition between the end of the range of separate flow and the beginning of the inertial range, so the effect generated by drag forces is disappearing but the effect of discontinuity in inertial forces influences the whole depth.
The higher the temperature values, the greater is the wave deformation observed. Discontinuities can also be observed in the case with a sea temperature of 22 °C and salinity of 35% showing a narrower width than those appearing in the case of a sea temperature of 1 °C and salinity of 0.0%, so the temperature increase could be assimilated to a virtual pile diameter increase in terms of the shape of the load profile of the wave. In addition, the width this discontinuity shows can also be observed to be always narrower at the surface than at the sea bed.
All of the results shown above demonstrate the major differences generated in the load profile of sea waves after the temperature and salinity change. However, the maximum influence has to be demonstrated by using the ratio between the maximum total forces generated in both temperature cases for each diameter, in order to obtain the actual influence in terms of maximum values. Table 3 shows that the maximum value of the total force generated is higher for the case of 1 °C and salinity of 0.0% than the force generated in the case of 22 °C and salinity of 35%. But the higher the diameter values, the smaller are the influences of temperature and salinity. However, the variations observed in Table 3 for the total load are quite smaller than those shown in Table 2 , so maximum variations are not necessarily related to maximum loads. Table 3 Influence on the maximum force generated. 
Conclusions and discussion
The intention throughout this study was to observe the influence of temperature and salinity on hydrodynamic forces. As observed, temperature and salinity act as a diameter amplifying component allowing the discontinuity or leap very clearly observed in inertia forces, to reduce in width. This width is the amount of time during which that discontinuity manifests. This effect is also observed when increasing the pile's diameter and therefore the increase in temperature and salinity is partly assimilated to the effect that an increase in diameter would have. However, viewed from the perspective of maximum loads generated, an increase in temperature has the opposite effect, giving maximum forces for the lower values of temperature and salinity.
It may be noted also that the maximum influence is exerted on elements with the smallest diameters and at the sea bed, so for large diameters, the influence has almost disappeared on the free surface.
Finally, it may be concluded that the influence of temperature and salinity acts over the whole load profile of the wave, but has minimum influence on maximum load values. Hence, neither parameter will have any influence on simplified models of calculation which do not take the dynamic behavior of the structure and the coupling between the sea waves and the structural elements into account. However, correct values of temperature and salinity will have to be observed in complex calculation models as developed for the current research which takes into account the whole load profile of the sea wave due to the variations of the load profile generating a variation in the induced vibrations over the structure. Therefore, these temperature and salinity variations will be able to generate load increments in the range of 15-30% in some cases, and need to be considered in modern calculation models.
